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Abstract
Objective: To investigate, in vitro, the regulatory effects of tumor-suppressing gene PTEN on
mTOR (mammalian target of rapamycin) signaling pathway, the effects of transfected PTEN and
rapamycin on the growth inhibition, and apoptosis induction for human leukemia cell line K562
cells.
Methods: K562 cells were transfected with recombined adenovirus-PTEN vector containing
green fluorescent protein (Ad-PTEN-GFP), followed by the treatment of the cells with or without
rapamycin. The proliferation inhibition rate and apoptotic rate of these transfected and/or
rapamycin treated K562 cells were measured by MTT assay and flow cytometry (FCM), the
expression levels of PTEN-, mTOR-, cyclinD1- and P27kip1- mRNA were measured by real-time
fluorescent relative-quantification reverse transcriptional PCR (FQ-PCR), the protein expression
levels of PTEN, Akt, p-Akt were detected by western blotting.
Results: The proliferation of K562 cells was inhibited by PTEN gene transfection with/without the
treatment of rapamycin. The expression levels of PTEN- and P27kip1- mRNA were up-regulated,
and the mTOR- and cyclinD1- mRNA were down-regulated in K562 cells after the cells transfected
with wild type PTEN gene and treated with rapamycin.
Conclusion: PTEN and rapamycin inhibited mTOR expression by acting as an upstream regulator
of mTOR. Low dose rapamycin in combination with over-expressed PTEN might have synergistic
effects on inhibiting the proliferation and promoting apoptosis of K562 cells.
Background
PTEN (phosphatase and tensin homology deleted on
chromosome ten) is a novel tumor suppressor gene, map-
ping to 10q23.3 and encoding a dual-specificity phos-
phatase with sequence similar to the cytoskeletal protein
tensin [1,2]. It was identified as a candidate tumor sup-
pressor gene based on the presence of gene deletion or
inactivating mutations in human brain, breast, and pros-
tate cancers and tumor cell lines [3-6]. PTEN protein can
be inactivated by post-transcriptional gene silencing, post-
Published: 30 December 2008
Journal of Experimental & Clinical Cancer Research 2008, 27:87 doi:10.1186/1756-9966-27-87
Received: 1 October 2008
Accepted: 30 December 2008
This article is available from: http://www.jeccr.com/content/27/1/87
© 2008 Cheng et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Journal of Experimental & Clinical Cancer Research 2008, 27:87 http://www.jeccr.com/content/27/1/87
Page 2 of 9
(page number not for citation purposes)
transcriptional modifications and GpG island methyla-
tion [3-8].
mTOR (mammalian target of rapamycin) gene locates in
the downstream of PI3K/Akt signal pathway, encoding a
serine/threonine protein kinase which is considered as an
oncoprotein. Studies showed that PI3K/Akt/mTOR and
MAPK and FAK signaling pathways and their downstream
partners were activated in leukemia, inducing the decon-
trolled proliferation and enhancing the invasiveness of
leukemia cells [9,10].
PTEN inhibits the activation of the above mentioned
pathways via its lipid phosphatase and protein phos-
phatase activities [8]. Rapamycin (RAPA), a triene mac-
rolide antibiotic, has anti-mTOR activity by binding
mTOR to interfere the interaction of mTOR with other tar-
get proteins in the signaling pathway. Targeting mTOR
signaling pathway can be a new strategy for the treatment
of leukemia [10-13].
Several studies showed that down-regulation of PTEN
mRNA expression and protein synthesis, and PI3K/Akt/
mTOR pathways were activated in the bcr/abl fusion pro-
tein positive K562 cells. However, the relationship
between the high expression of PTEN and the inactivation
of mTOR signal pathway and their effects on the prolifer-
ation of K562 cells were not clear. The present study was
designed to transfect K562 cells with recombined adeno-
virus-PTEN vector containing green fluorescent protein
(Ad-PTEN-GFP) or Ad-GFP vector followed by the treat-
ment of the cells with or without rapamycin. The regula-
tory mechanism of PTEN and rapamycin on mTOR
signaling pathway in K562 cells was then explored and the
growth inhibition effect of this treatment on K562 cell
was analyzed.
Materials and methods
Main reagents
Chemicals were purchased from Sigma-Aldrich and Qian-
gen Biotechnology (Qiangen, Beijing). Antibodies to
PTEN, Akt, p-AKT (serine 473), GAPDH were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Second-
ary antibodies for western blot analysis (horseradish per-
oxidase-conjugated anti-mouse Ig) were purchased from
Beijing Ding Guo biotechnology CO. LTD. Rapamycin
(RAPA) was from North China Pharmaceutical Group
Corporation. Other reagents were of analytical grade.
Cell culture
Human embryonic kidney cell line 293A cells were cul-
tured in the medium of HD DMEM, supplemented with
10% fetal bovine serum and used for adenovirus amplifi-
cation. K562 cells, a cell line established from a chronic
myelogenous leukemia patient in blast crisis, were cul-
tured in RPMI1640 supplemented with 10% fetal bovine
serum, glutamine (2%), penicillin (100 U/ml) and strep-
tomycin (100 μg/ml) at 37°C in a humidified atmosphere
with 5% CO2. Exponentially growing K562 cells were
seeded into flat-bottomed tissue-culture plates at the den-
sity of 5 × 105 cells/ml and cultured overnight
Cell transfection with Adenovirus Vectors
The first generation of recombinant adenovirus was gen-
erated by Jikai biological CO.LTD, Shanghai. The particle
titers of the adenoviral stocks were typically 1 × 10E9
plaque-forming units per milliliter (pfu/mL). Adenovirus
amplification was propagated in 293A cells for several
times to obtain high-titer stocks, as determined by the
plaque assay. Viral stocks of 1 × 10E9 pfu/mL were kept at
-80°C. Adenovirus vectors expressing the transgene PTEN,
containing green fluorescent protein (Ad-PTEN-GFP) or
empty vectors (Ad-Vector) were used to transfect the K562
cells. At the condition when multiplicity of infection
(MOI) was 200, K562 cells were co-cultured with Ad-
PTEN-GFP or Ad-GFP at 37°C, in a humidified atmos-
phere with 5% CO2, for 2 h. The transfection efficiency
was detected directly by FMC for the expression ratio of
green fluorescent protein.
Measurement of the effects of PTEN gene-transfection on 
K562 cells
From the first day to the seventh day after the transfection,
cell growth inhibition rate of the transfected K562 cells
from each group was measured by MTT method and FCM,
the mRNA expression levels of PTEN, mTOR, cyclinD1,
P27kip1 and BCR/ABL fusion gene in the transfected K562
cells were detected by FQ-PCR and the protein levels of
PTEN, Akt, p-Akt were measured by western blotting.
Measurement of growth inhibition effect of rapamycin on 
K562 cells
Raparamcin (RAPA) was dissolved in DMSO and then
added to the culture medium of the transfected K562 cells
or control K562 cells at the final concentrations of 0, 1, 5,
10, 20, 50 and 100 nmol/L. The effects of rapamycin,
together with PTEN transfection, on cell proliferation,
apoptosis and cell cycle were detected by MTT assay and
FCM when the K562 cells were treated with rapamycin for
12, 24, 48 or 72 hours. The mRNA expression levels of
PTEN, mTOR, cyclinD1, P27kip1 and BCR/ABL fusion gene
in the rapamycin reated and PTEN transfected K562 cells
were detected by FQ-PCR and the protein levels of PTEN,
Akt, p-Akt by western blotting.
Cell cycle distribution assay
For the cell cycle analysis, K562 cells (at least 1 × 105 cells)
from each group were collected at each culture-ending
point, washed and fixed with 70% ethanol, placed at 4°C
overnight. Then, the cells were treated with RNA enzymeJournal of Experimental & Clinical Cancer Research 2008, 27:87 http://www.jeccr.com/content/27/1/87
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for 30 minutes before the addition of propidium iodide
(PI), and then placed at 4°C for more than 15 minutes.
Finally, the cell cycle distribution (G0/G1 phase, S, G2/M)
and cell apoptosis rate was detected by FCM
Measurement of the target genes by FQ-PCR
K562 cells were collected from each group, washed with
PBS three times. Total RNA was extracted from the cells
according to the RNeasy Mini Protocol (Qiangen Biothch,
Beijing). Each 1 μg total RNA from each group of K562
cells was reversely transcribed in a 20 μL reaction mixture
which contained 0.5 μg oligo (dT)15 as primer by Super-
Script II reverse transcriptase (Promage). The resultant
cDNA was subjected to FQPCR. PCR was carried out in a
total 25 μl reaction system, with the SYBR Green I PCR
Reagent kit (Qiangen Biothech, Beijing) and a Lightcycler
fluoresencent quantitative amplification analyzer (Bio-
Rad, Hercules, CA). The reaction condition was 94°C for
5 min, 94°C 45s and 60°C 1 min, for 30 cycles. The fluo-
rescence signal of the first 3 to 15 cycles was settled as flu-
orescent background signal and the baseline was adjusted
accordingly. Relative quantification of gene expression
level was calculated by the following method: for each
reaction to amplify the target gene and β-actin gene, the Ct
value was determined. The ratio of of each target mRNA to
β-actin mRNA was calculated by the formula 2-ΔCt. The
specific primers' sequences for the target genes were
shown in Table 1.
Measurement of the target proteins by western blotting
Western blot analysis was performed for detecting the
expression level of specific protein in freshly washed K562
cells from each group. The protein concentrations of the
cell lysate were measured by coomassie brilliant blue kit
(Kang Chen Biotechnology, Beijing, China). Each 50 μg of
the cell lysate was loaded onto a 10% SDS-PAGE gel, and
run at 100 volts for 2 h. Cell proteins were transferred to
nitrocellulose membrane, blocked with 5% milk in TBS
(Tris-buffered saline with 0.1% Tween 20) for 1 h, then,
washed and incubated with the primary antibody for 1 h
at room temperature or overnight at 4°C. The blots were
washed and incubated with the horseradish peroxidase-
conjugated secondary antibody, and developed with a
chemiluminescent substrate, ECL Plus. Following devel-
opment of the primary antibodies, the bounded immu-
noglobulins were removed from the membranes by
washing twice, each time for 15 minutes at room temper-
ature in Restore Western blot Stripping Buffer. An autora-
diograph was obtained, and protein levels were measured
using a Fluors scanner and Quantity One software for
analysis (Bio-Rad).
Statistical analysis
tatistical analysis was done by Student's t-test and Spear-
man's test. Data was shown by mean ± SD of three inde-
pendent experiments. The results from each group were
compared with that of the corresponding control. P < 0.05
was considered as statistically significance.
Results
Anti-proliferation effect of PTEN transfection in K562 cells
Our preliminary experiment and several published papers
showed that K562 cells expressed PTEN mRNA and pro-
tein at very low levels [8]. Therefore, K562 cells were trans-
fected with Ad-PTEN-GFP or Ad-GFP in the present study.
After the transfection, the difference in cell growth inhibi-
tion rate between K562 cells from each group was not sta-
tistically significant in the first 3 days. The maximal
growth inhibition rate of 35.2% in Ad-PTEN-GFP trans-
fected K562 cells was detected at the fifth day and that was
statistically significant higher than that in Ad-GFP trans-
fected K562 cells and that in control K562 cells (P < 0.01
Fig 1).
PTEN transfection regulated the expression of specific 
genes and proteins in K562 cells
After transfection of Ad-PTEN-GFP to K562 cells, the
expression level of PTEN mRNA increased gradually,
Table 1: Primer sequence for FQPCR
Primers Sequence Product size Accession number from genebank
BCR/ABL F : 5'- GGAGCTGCAGATGCTGACCAAC-3' 200 bp AY789120
R : 5'- TCAGACCCTGAGGCTCAAAGT-3'
PTEN F : 5'-ATACCAGGACCAGAGGAAACC-3' 101 bp 000314
R : 5'-TTGTCATTATCCGCACGCTC-3'
mTOR F : 5'- GAGCCAGTGTTCCCTCCAT-3' 128 bp NM_152756
R : 5'- CAGTCAGCGGCCAGTCAT-3'
CyclinD1 F : 5'-CGATGCCAACCTCCTCAACGAC-3' 143 bp NM_053056
R : 5'-CCAGCATCCAGGTGGCGACG-3
P27kip1 F : 5'-ACGTGAGAGTGTCTAACGG-3' 138 bp NM_004064
R : 5'-AGTGCTTCTCCAAGTCCC-3'
β-actin F : 5'- CTGGCACCACACCTTCTACAAT -3' 382 bp NM_001101
R : 5'- AATGTCACGCACGATTTCCCGC -3'Journal of Experimental & Clinical Cancer Research 2008, 27:87 http://www.jeccr.com/content/27/1/87
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reached the top level on the third day and then decreased
gradually in the following three days, while the expression
level of mTOR mRNA decreased to the lowest level on the
third day and recovered gradually in the following three
days. However, the expression level of BCR/ABL fusion
gene did not change significantly (P > 0.05) (Fig 2). The
expression level of PTEN mRNA had negative correlation
with that of mTOR mRNA (r = -0.956, P < 0.05). The result
also showed that the expression level of PTEN protein
increased gradually after Ad-GFP-PTEN transfection, and
the top level was detected on the third day of the transfec-
tion. The expression level of p-Akt but not total Akt
decreased in PTEN transfected K562 cells, the lowest level
appeared on the third day (Fig 3).
PTEN transfection changed the cell cycle distribution in 
K562 cells
Cell cycle analysis by FCM showed that the percentage of
G2/M phase cells in Ad-PTEN-GFP transfected K562 cells
decreased, while the percentage of G0/G1 cells increased at
each tested time point. Cell cycle was arrested at the G0/G1
phase (Figure 4 and Table 2).
PTEN transfection and rapamycin treatment affected the 
growth and apoptosis of K562 cells
Previous studies showed that rapamycin have anti-inflam-
matory, anti-tumor and immunosuppressive activities.
Our results showed that the growth of K562 cells, which
were transfected with PTEN and treated with RAPA (10
nmol/L) for 72 h, was significantly inhibited by 37.4%.
This was significantly higher than that in K562 cells trans-
fected with Ad-GFP and treated with 10 nmol/L RAPA
(17.2%, P < 0.01) or that in K562 cells transfected with
PTEN but without RAPA treatment (7.5%, P < 0.01). The
apoptosis rate in K562 cells transfected with PTEN and
treated with 10 nmol/L RAPA for 3 days was 31.5%, sig-
nificantly higher than that in K562 cells transfected with
Ad-GFP and treated with 10 nmol/L RAPA (6.8%, P  <
0.01), or that in K562 cells transfected with Ad-PTEN-GFP
but without RAPA treatment (6.1%, P < 0.01) (Fig 5).
PTEN transfection and rapamycin treatment affected the 
expression of CyclinD1 and P27kip1 mRNA
CyclinD1 and P27kip1 mRNA and proteins were the key
factors in modulating cell cycle. The present study showed
that the expression level of CyclinD1 mRNA decreased in
K562 cells transfected with Ad-PTEN-GFP and treated
with 10 nmol/L RAPA for three days (0.121 ± 0.012),
which was significantly lower than that in Ad-PTEN-GFP
transfected K562 cells but without RAPA treatment (0.228
± 0.036, P < 0.01), or that in Ad-GFP transfected and 10
nmol/L RAPA treated K562 cells (0.675 ± 0.049). The
expression level of P27kip1 mRNA was negatively corre-
lated with that of CyclinD1 mRNA. P27kip1  mRNA
expressed at the top level (0.936 ± 0.061) in K562 cells
transfected with Ad-PTEN-GFP and treated with 10 nmol/
L RAPA for three days, which was significantly higher than
that in K562 cells transfected with Ad-PTEN-GFP but
Anti-proliferation effect of PTEN geng transfecion in K562 cells NC: Figure 1
Anti-proliferation effect of PTEN geng transfecion in K562 cells NC: controlled K562 cells; Ad-GFP: Ad-GFP tran-
fected K562 cells; Ad-PTEN-GFP: Ad-PTEN-GFP tranfected K562 cell
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The expression levels of BCR/ABL, mTOR and PTEN mRNA in K562 cells transfected with PTEN gene (MOI = 200) Figure 2
The expression levels of BCR/ABL, mTOR and PTEN mRNA in K562 cells transfected with PTEN gene (MOI = 
200). *mTOR to right ordinate When the expression of PTEN mRNA increased, the expression of mTOR mRNA decreased 
in K562 cells after the cells transfected wild-type PTEN, but BCR/ABL fusion gene did not change significantly.
 
 
 
 
 
 
 
                 
Akt, p-Akt and PTEN protein expression levels in K562 cells transfected with PTEN for different time point Figure 3
Akt, p-Akt and PTEN protein expression levels in K562 cells transfected with PTEN for different time point. 
The expression of p-Akt- protein in K562 cells decreased gradually following Ad-GFP-PTEN transfection, and the lowest level 
appeared on the third day of the transfection. PTEN protein increased gradually after Ad-GFP-PTEN transfection, and the top 
level was detected on the third day of the transfection. However, there was no obvious change in total Akt expression.
60kD 
0d     1d    3d    5d    7d
PTEN
Total Akt 
p-Akt 
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without RAPA treatment (0.447 ± 0.032, P < 0.01), or that
in Ad-GFP transfected K562 cells (0.060 ± 0.007, P  <
0.01).
Discussion
PTEN gene is a novel tumor suppressor gene. PTEN pro-
tein has protein phosphatase and lipid phosphatase dual
activity, and has the activity against phosphatidylinositol
3, 4, 5- trisphosphate (PIP3), the major bioactive product
of PI3-kinase. The reduction of PIP3 level suppresses the
activation of Akt and allows apoptosis to occur.
Homozygous PTEN deletion is embryonic lethal in mice
and PTEN+/-  heterozygote mice may develop multiple
tumors or immune system abnormalities. The inactiva-
tion of PTEN in leukemia can be induced by gene silenc-
ing, DNA methylation, transcriptional regulation or post-
transcriptional modifications [14-16]. Our results showed
that PTEN mNRA and protein expressed at very low level
in K562 cells, a cell line established from a chronic myel-
ogenous leukemia patient in blast crisis. The over-expres-
sion of wild-type PTEN protein after PTEN gene
transfection showed an anti-proliferation and apoptosis
induction effect in the K562 cells in a time-dependent
manner, indicating that the wild type PTEN might have
anti-leukemia effect. Although previous studies showed
that a close correlation was found between the low expres-
sion of PTEN and the poor prognosis in some tumor
patients including hematological malignancies
[6,14,17,18] and the loss of PTEN gene disturbed the
maintenance of quiescent HSCs and promoted leukemo-
genesis in mice [19], the exact mechanism of hypo-expres-
sion of PTEN in human leukemogenesis was not clear.
The mammalian target of rapamycin (mTOR) is a serine/
threonine protein kinase, a downstream partner in PI3K/
Akt pathway, which regulates protein translation, cell
The cell cycle distribution of K562 cells transfected with Ad-PTEN-GFP or Ad-GFP and treated with or without 10 nM RAPA  detected by flow cytometry Figure 4
The cell cycle distribution of K562 cells transfected with Ad-PTEN-GFP or Ad-GFP and treated with or with-
out 10 nM RAPA detected by flow cytometry. A: transfected with Ad-GFP; B: transfected with Ad-GFP and treated with 
10 nmol/L RAPA; C: transfected with Ad-PTEN-GFP; D: transfected with Ad- PTEN-GFP and treated with 10 nmol/L RAPA. 
After treated with 10 nmol/L RAPA for three days, the apoptosis rate of K562 cells was 31.5% in Ad-PTEN-GFP group, which 
significantly higher than that of 6.8% in Ad-GFP group_P < 0.01).
 
Table 2: The comparison of Apoptosis rate and cell cycle change 
in K562 cells transfected with or without PTEN gene for 
different time.(%)
Group Untransfected Ad-GFP Ad-PTEN-GFP
Apoptosis G2/M Apoptosis G2/M Apoptosis G2/M
2d 0.2 30.2 0.8 29.3 1.5 28.1
5d 0.5 30.8 2.8 26.9 22.4 23.3
7d 1.1 29.7 4.1 32.9 30 13.6Journal of Experimental & Clinical Cancer Research 2008, 27:87 http://www.jeccr.com/content/27/1/87
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growth and apoptosis [20]. Abnormalities in the PI3K/
AKT/mTOR signal pathway occurs in many solid or hema-
tological malignancies. The present study also showed
that mTOR mRNA and p-Akt protein expressed at high
levels in K562 cells. After the cells were transfected with
PTEN gene and treated with rapamycin, the expression
levels of mTOR mRNA and p-Akt protein decreased
accordingly. This result demonstrated that deregulated
PI3K/AKT/mTOR signal pathway might contribute to the
development of leukemia, and could be considered as a
candidate target for the treatment of leukemia.
Rapamycin can stabilize the inhibitors of PI3K/AKT/
mTOR signaling pathway and down-regulate the activity
of mTOR. Studies showed that inhibiting mTOR with
rapamycin decreased the phosphorylation of proteins in
mTOR signaling pathway, induced cell cycle arrest at G0/
G1 phase and distinctly rescued the differentiation of nor-
mal hematolpoietic stem cells (HSCs) and depleted leuke-
mic stem cells. The regulation of HSCs and leukemic cells
might be governed by cell-context-dependent, PTEN-
mediated inhibition of mTOR [21]. The cell cycle arrest
associated with the down-regulation of cyclinD1 and up-
The cell growth inhibition effect of rapamycin combined with PTEN transfection Figure 5
The cell growth inhibition effect of rapamycin combined with PTEN transfection.
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regulation of the cdk inhibitors p27kip1 and p21cip1 [9-11].
Therefore, inhibition of mTOR function represents a
potential therapeutic strategy [10-13]. Our results showed
that in the PTEN gene transfected K562 cells, over-
expressed PTEN gene combined with the treatment of
rapamycin significantly promoted the expression of
P27kip1 gene but inhibited the expression of the CyclinD1.
Meanwhile, the percentage of cells in S and G2/M phase
decreased and the cells in G0/G1 phase increased in the
PTEN gene transfected K562 cells. These results suggested
that PTEN gene and protein might inhibit the expression
and the function of cyclins and cyclins-CDK but promote
expression of P27kip1  via down-regulating p-Akt and
mTOR expression.
Several published papers showed that rapamycin played
key role in inhibiting tumor proliferation by targeting
mTOR and had synergistic anti-tumors effects with some
chemotherapeutic drugs such as arsenic trioxide in several
kinds of tumors [22]. The present study showed that PTEN
gene transfection, together with the treatment of low con-
centration of rapamycin, had a higher growth inhibition
effect and apoptosis induction effect in K562 cell, accom-
panied with the increased expression of PTEN mRNA and
protein but decreased expression of mTOR, suggesting
that rapamycin and PTEN might have synergic effect on
inhibiting proliferation, promoting apoptosis and cell
cycle arrest of leukemia cells via inhibiting the activity of
PI3K/Akt/mTOR pathway. These results might provide a
theoretical basis for the treatment of CML with new mol-
ecule targeting regimens such as PTEN transfection and
the use of rapamycin.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
SYW and HC participated in the measurement of the tar-
get proteins by western blotting. Cell cycle distribution
assay was carried out by ZYN and SHL. ZYC, XYY carried
out cell culture, transfection, measurement of growth
inhibition of rapamycin, statistics and writing manu-
script. LP, XLG, ZYC, XYY conceived of the study, and par-
ticipated in its design and coordination. LP revised the
manuscript finally. All of us showed our opinion after
plenty of reading. All authors read and approved the final
manuscript.
Acknowledgements
Project supported by the Natural Science Foundation of Hebei province 
(Grant No. C2008001097) and by the Health Bureau Major supervise Pro-
gram of Hebei province(Grant No GL200508).
References
1. Myers MP, Stolarov JP, Eng C, Li J, Wang SI, Wigler MH, Parsons R,
Tonks NK: PTEN, the tumor suppressor from human chro-
mosome 10q23, is a dual-specificity phosphatase.  Proc Natl
Acad Sci USA 1997, 94(17):9052-9057.
2. Tamura M, Gu J, Matsumoto K, Aota S, Parsons R, Yamada KM: Inhi-
bition of cell migration, spreading, and focal adhesions by
tumor suppressor PTEN.  Science 1998, 280(5369):1614-1617.
3. Wiencke JK, Zheng S, Jelluma N, Tihan T, Vandenberg S, Tamgüney
T, Baumber R, Parsons R, Lamborn KR, Berger MS, Wrensch MR,
Haas-Kogan DA, Stokoe D: Methylation of the PTEN promoter
defines low-grade gliomas and secondary glioblastoma.
Neuro Oncol 2007, 9(3):271-279.
4. Mirmohammadsadegh A, Marini A, Nambiar S, Hassan M, Tannapfel
A, Ruzicka T, Hengge UR: Epigenetic silencing of the PTEN gene
in melanoma.  Cancer Res 2006, 66(13):6546-6552.
5. Noro R, Gemma A, Miyanaga A, Kosaihira S, Minegishi Y, Nara M,
Kokubo Y, Seike M, Kataoka K, Matsuda K, Okano T, Yoshimura A,
Kudoh S: PTEN inactivation in lung cancer cells and the effect
of its recovery on treatment with epidermal growth factor
receptor tyrosine kinase inhibitors.  Int J Oncol 2007,
31(5):1157-1163.
6. Athanassiadou P, Athanassiades P, Grapsa D, Gonidi M, Athanassia-
dou AM, Stamati PN, Patsouris E: The prognostic value of PTEN,
p53, and beta-catenin in endometrial carcinoma: a prospec-
tive immunocytochemical study.  Int J Gynecol Cancer 2007,
17(3):697-704.
7. Lynch ED, Ostermeyer EA, Lee MK, Arena JF, Ji H, Dann J, Swisshelm
K, Suchard D, MacLeod PM, Kvinnsland S, Gjertsen BT, Heimdal K,
Lubs H, Møller P, King MC: Inherited mutations in PTEN that
are associated with breast cancer, cowden disease, and juve-
nile polyposis.  Am J Hum Genet 1997, 61(6):1254-1260.
8. Dahia PL, Aguiar RC, Alberta J, Kum JB, Caron S, Sill H, Marsh DJ, Ritz
J, Freedman A, Stiles C, Eng C: PTEN is inversely correlated with
the cell survival factor Akt/PKB and is inactivated via multi-
ple mechanisms in hematological malignancies.  Hum Mol
Genet 1999, 8(2):185-193.
9. Recher C, Ysebaert L, Beyne-Rauzy O, Mansat-De Mas V, Ruidavets
JB, Cariven P, Demur C, Payrastre B, Laurent G, Racaud-Sultan C:
Expression of focal adhesion kinase in acute myeloid leuke-
mia is associated with enhanced blast migration, increased
cellularity, and poor prognosis.  Cancer Res 2004,
1;64(9):3191-3197.
10. Martelli AM, Tazzari PL, Evangelisti C, Chiarini F, Blalock WL, Billi AM,
Manzoli L, McCubrey JA, Cocco L: Targeting the phosphatidyli-
nositol 3-kinase/Akt/mammalian target of rapamycin mod-
ule for acute myelogenous leukemia therapy: from bench to
bedside.  Curr Med Chem 2007, 14(19):2009-2023.
11. Giles FJ, Albitar M: Mammalian target of rapamycin as a thera-
peutic target in leukemia.  Curr Mol Med 2005, 5(7):653-661.
12. Panwalkar A, Verstovsek S, Giles FJ: Mammalian target of
rapamycin inhibition as therapy for hematoligic malignan-
cies.  Cancer 2004, 100(4):657-666.
13. Sillaber C, Mayerhofer M, Böhm A, Vales A, Gruze A, Aichberger KJ,
Esterbauer H, Pfeilstöcker M, Sperr WR, Pickl WF, Haas OA, Valent
P: Evaluation of antileukemic effects of rapamycin in patients
with imatinib-resistant chronic myeloid leukemia.  Eur J Clin
Invest 2008, 38(1):43-52.
14. Cheong JW, Eom JI, Maeng HY, Lee ST, Hahn JS, Ko YW, Min YH:
Phosphatase and tensin homologue phosphorylation in the
C-terminal regulatory domain is frequently observed in
acute myeloid leukemia and associated with poor clinical
outcome.  Br J Haematol 2003, 122(3):454-456.
15. Leupin N, Cenni B, Novak U, Hügli B, Graber HU, Tobler A, Fey MF:
Disparate expression of the PTEN gene: a novel finding in B-
cell chronic lymphocytic leukemia (B-CLL).  Br J Haematol
2003, 121(1):97-100.
16. Montiel-Duarte C, Cordeu L, Agirre X, Román-Gómez J, Jiménez-
Velasco A, José-Eneriz ES, Gárate L, Andreu EJ, Calasanz MJ, Heiniger
A, Torres A, Prósper F: Resistance to Imatinib Mesylate-
induced apoptosis in acute lymphoblastic leukemia is associ-
ated with PTEN down-regulation due to promoter hyper-
methylation.  Leuk Res 2008, 32(5):709-716.
17. Roman-Gomez J, Jimenez-Velasco A, Castillejo JA, Agirre X, Barrios
M, Navarro G, Molina FJ, Calasanz MJ, Prosper F, Heiniger A, Torres
A:  Promoter hypermethylation of cancer-related genes: a
strong independent prognostic factor in acute lymphoblastic
leukemia.  Blood 2004, 8(104):2492-2498.Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
Journal of Experimental & Clinical Cancer Research 2008, 27:87 http://www.jeccr.com/content/27/1/87
Page 9 of 9
(page number not for citation purposes)
18. Hu TH, Wang CC, Huang CC: Down-regulation of tumor sup-
pressor gene PTEN, overexpression of p53, plus high prolif-
erating cell nuclear antigen index predict poor patient
outcome of hepatocellular carcinoma after resection.  Oncol
Rep 2007, 18(6):1417-1426.
19. Zhang J, Grindley JC, Yin T, Jayasinghe S, He XC, Ross JT, Haug JS,
Rupp D, Porter-Westpfahl KS, Wiedemann LM, Wu H, Li L: PTEN
maintains haematopoietic stem cells and acts in lineage
choice and leukaemia prevention.  Nature 441(7092):518-522.
2006 May 25;
20. Nissim H, Nahum S: Upstream and downstream of mTOR.
Genes & Delvelopment 2004, 18:1926-1945.
21. Cheung AM, Mak TW: PTEN in the haematopoietic system and
its therapeutic indications.  Trends Mol Med 2006,
12(11):503-505.
22. Récher C, Beyne-Rauzy O, Demur C, Chicanne G, Dos Santos C, Mas
VM, Benzaquen D, Laurent G, Huguet F, Payrastre B: Antileukemic
activity of rapamycin in acute myeloid leukemia.  Blood 2005,
105(6):2527-2534.